and PALLAS (3) As a result, the cause was found to be neutron streaming through the air gap between the pressure vessel and the primary shield (4) .
Immediately after the investigation, a modification in shielding design was carried out to reduce the radiation level outside both the primary and secondary shields(5). This was accomplished by replacing parts of shields and adding new shields in the upper and lower sections of both the primary and secondary shields, and also by replacing the thermal insulator in the air gap. For supporting the modification, various tests were carried out ;
(1) shielding material tests, (2) a shielding mock-up experiment for the modification(6), (3) a cooling test of the primary shield, (4) a test on the mechanical strength of the double bottom, (5) trial fabrication tests of zirconium hydride shield blocks, a silicon elastomer, upper shield blocks of the containment vessel * Tokai -mura, Ibaraki-ken 319-11 .
and a chrysotile insulator, (6) a test on the degradation in performance of the concrete shield, (7) a duct streaming experiment of the secondary shield, and (8) a study on the capability of the shielding calculation codes used in the design.
After the accomplishment of the modification design, the repair work was started in 1980 and completed in 1982. The power-up test was restarted in March 1990 and completed successfully in February 1991. The experimental voyages were carried out for about one year and all experiments with the N. S. Mutsu were completed in February 1992.
A detailed survey of the radiation level on board was accomplished during the power-up test and the experimental voyages.
The objectives of this survey were to confirm the measured values within the maximum permissible design dose rate equivalent, to determine the accuracy of the design value in comparison with the measurement and to obtain useful data for the future shielding design, since there exist only few measured data for actual plants.
The survey was extensively made in the cavity between the primary and secondary shields, in the double bottom, outside the secondary shield, and at the irregular parts of the primary and secondary shields.
This report describes the measurement of dose rate equivalent compared with the design value, except for that at the irregular parts of the primary and secondary shields.
II. DESCRIPTION OF SHIP, REACTOR AND SHIELD
The N. S. Mutsu is a single-screw ship with an overall length of 130 m and a breadth of 19 m. The reactor is of the pressurizedwater type, fueled with slightly enriched UO2 (4.44 wt% in the outer-region and 3.24 wt% in the inner-region), and generating thermal power of 36 MW. The active fuel length and the equivalent lateral diameter of the core are 104 and 117 cm, and the outer diameter and the overall height of the pressure vessel are 194.8 and 565.1 cm, respectively.
The shielding of the N. S. Mutsu consists of (1) the primary shield surrounding the pressure vessel, (2) the secondary shield installed outside the containment vessel, (3) an auxiliary shield for attenuating radiation streaming through the irregular parts of the primary and secondary shields, and (4) an instrument shield. The maximum permissible design dose rate equivalent is shown in Fig. 1 , where each room is classified into the controlled, surveillance and unrestricted areas. It is prohibited to enter the area inside the secondary shield during the reactor operation, and the maximum permissible design dose rate equivalent was determined depending on the characteristics of the area, where the levels in the controlled area were determined on the basis of the staying time in each room. Figure 2 shows the arrangement of the primary and secondary shields after the modification. The shield structure before the modification is shown in Ref. (5) .
After the modification, the primary shield consists of the following shield components :
(1) The upper primary shield surrounding the flange part of the pressure vessel, which is replaced by a new shield made of serpentine concrete encased in a steel container with an overhanging ledge to prevent neutron streaming. Its shielding performance was examined by the shielding mock-up experiment for the modification. ( 2) The middle primary shield installed below the upper shield, which is made of heavy concrete encased in a steel container.
(3) The lower primary shield tank located just under the middle primary shield, which is a steel tank and is surrounded by lead padding. The tank contains three layers of steel plates submerged completely under water. The lateral thickness of the shield is 112.4 cm and the distance between the core center and the outer surface of the primary shield in the core midplane is 224 cm.
(4) The containment vessel's bottom shield made of serpentine concrete blocks and a silicon elastomer, which is located below the lower primary shield tank to prevent (1) The containment vessel's upper shield placed on the containment vessel, which is replaced by heavy concrete and steel. For convenience of the construction of the shield and the installation on the containment vessel, this shield is divided into many blocks with a form enclosed heavy concrete by steel. The blocks are combined into an off-set structure to prevent radiation streaming, as shown in Fig. 3 (2) The containment vessel's side shield, which is made of concrete with various densities. A thickness of the concrete (3) The tank top and double bottom shields placed under the containment vessel, which are newly arranged by polyethylene blocks with a minimum vertical thickness of 69 cm, to reduce radiation leaking out into the double bottom and into the cavity, and also to prevent the bottom shell and seawater from being activated. The distance from the core center to the under surface of the double bottom shield is 403 cm.
III. SHIELDING ANALYSIS IN NORMAL OPERATION
The flow diagram of the main calculation procedure is shown in Fig. 5 . The shielding design calculations were performed in three steps :
(1) Calculations from the core to outside the primary shield.
(2) Calculations in the cavity between the primary and secondary shields. (3) Calculations in the secondary shield and on board outside the secondary shield. In Step (1), the calculations were executed using mainly discrete ordinates codes TWO-TRAN and ANISN. The ANISN calculations were performed with a one-dimensional spherical geometry for neutrons, and primary and secondary g rays along the following horizontal and vertical lines ; (i) from the core center to the outer surface of the lower primary shield tank in the core midplane, (ii) from the core center to the upper surface of the primary shield, and (iii) from the core center to the bottom shell. The ANISN calculation showed that the dose rate equivalent of primary g rays is about 1/30 of that of secondary g rays at the outer surface of the primary shield in the core midplane. The TWOTRAN calculations were performed with a two-dimensional (R, Z) geometry for neutrons and secondary g rays by using a model of the primary shield including the core. The TWOTRAN angular flux in the primary shield near the outer surface was used as a source in Step (2) TWOTRAN calculation. In Step (2), the TWOTRAN code was used to estimate the core neutrons, and the primary and secondary g rays in the cavity and in the double bottom. Here, the containment vessel, the double bottom plate and structures in the double bottom were considered in the model of the TWOTRAN calculation, whereas the other components and structures in the cavity were neglected conservatively in the model, since it is impossible to model these components and structures properly with an (R, Z) geometry and also impossible to evaluate the computational error. The ANISN and TWO-TRAN codes were also used for the calculations of the secondary shield in Step (3), where the ANISN calculations were performed with a one-dimensional plane geometry and the TWOTRAN a two-dimensional (R, Z)
geometry. Figure 6 shows these TWOTRAN computational models.
In Steps (2) and (3), the point kernel code CIAD(7) and the Monte Carlo code MORSE (8) were used in addition to the discrete ordinates codes. The QAD code was used to calculate the dose rate equivalents in the cavity and on board outside the secondary shield due to the g rays from 16N activities in the main coolant loops outside the primary shield. In a model for the QAD calculation, we considered the primary and secondary shields, the containment vessel, the pressurizer, the containment vessel's air conditioner, the main coolant pipe, the steam generator, the main coolant pump, the control rod drive mechanism and bulkheads outside the secondary shield. The MORSE code was used to evaluate the dose rate equivalents of radiation from 16N and 17N activities in the cavity. The components considered in the MORSE calculation model in the cavity were the same as those used in the QAD calculation. The QAD and MORSE calculations were performed with three-dimensional geometries.
For the cross section of 16O(n, p)16N reaction, the experimental data obtained by Martin(9) was used, and for 17O(n, p)17N reaction, the cross section data in the "Reactor Shielding Design Manual" (10) .
The calculations in the primary and secondary shields were performed for both the bulk shields and irregular parts of the shields. The items of the analysis and the calculation codes used are shown in Table 2 . The energy group structures, cross sections, processing codes and other computational conditions used in the design calculations are shown in Ref. (11) , where the condition of TWOTRAN calculation was determined on the basis of the analysis of the shielding mock-up experiment for the modification.
In addition to the abovementioned calculation codes, the simplified and empirical formulas for duct streaming(10) (12) and experimental data(13)(14) of shielding were also used in the modification design to determine the shield structure.
Special attention was paid to evaluate the accuracies of the calculated values. To obtain the accurate results, various experiments were analyzed by means of the calculation codes used in the design calculations.
The experiments and the related regions of the N. S. Mutsu are shown in Table 3 . The regions were selected to contain all the important parts for the shielding performance.
In consequence of the experimental analyses, evaluated values were obtained for the N.S. Mutsu shielding calculation. The details of the analyses are shown in Ref. (11) .
The shielding design calculation was made with the following conservative conditions :
(1) For the materials having some uncertainty in density such as concrete and chrysotile, a guaranteed minimum density was adopted instead of the design density.
(2) Guaranteed minimum volume ratios were adopted for the block shield materials such as the tank top shield and the (4) An allowable maximum size was adopted for the gap width. (5) A guaranteed minimum size was adopted for the shield thickness. In addition, a conservative model was adopted in the design calculation when it is impossible to use the real geometry under the given limitations of the codes, and many components and structures in the cavity were neglected conservatively in the TWOTRAN, QAD and MORSE calculations as mentioned above.
The calculated values under these conditions were evaluated on the basis of the abovementioned experimental analyses.
From this standpoint, a judgement was made that the evaluated dose rate equivalents would be higher than the real values, and the 
IV. COMPARISON BETWEEN DESIGN AND MEASURED VALUES
The following instruments were used for the dose measurements :
(1) The measurement of neutron dose rate equivalent in the cavity was made using the Neutrak batch (20) which is a kind of the solid-state track detector. The Neutrak batch is able to measure the fast (2) The measurement of neutron dose rate equivalent outside the secondary shield was performed using the rem counter.
The background values at the measured points, namely the values when the reactor shut down, were distributed in the range of 0~1.6 x 10-2 mSv/h. 
3) The measurement of g-ray dose rate equivalent inside the secondary shield was made using thermoluminescence and glass dosimeters.
The background dose rate equivalents were negligibly small compared with the measured values during reactor operation. (4) The g-ray dose rate equivalent outside the secondary shield was measured using a scintillation survey meter. The background values were distributed in the range of 2x10-3~3x10-2 mSv/h. These detectors were calibrated previously using standard sources or the other calibrated detectors. Table 4 shows a comparison of the dose rate equivalents between the measured and design values in the cavity and in the double bottom, and outside the secondary shield. The table also shows the measured values at the outer surfaces of the main coolant pipe, the steam generator and the main coolant pump, since the radiation from the main coolant loop contributes significantly to the dose rate equivalent in these regions.
The measured dose rate equivalents include the background values. The dose rate equivalent due to "N and "N sources in the main coolant loops were calculated mainly for the points outside the secondary shield and were not done at the outer surface of the primary shield, since on the surface it is not necessary for the shielding design to evaluate the dose rate equivalents due to these sources. The design values due to fission neutrons, and primary and secondary g rays are independent of angle t, since the TWOTRAN calculations were made with two-dimensional (R, Z) geometry. Table 4 indicates the following phenomena :
(1) On the outer surface of the primary shield, the neutron dose rate equivalents of both the measured and design values become the maximum at the core midplane (see point numbers 7~27), and the measured neutron and g-ray dose rate equivalents on the upper surface of the primary shield are smaller in general compared with those of the side surface as shown in Figs. 7 and 8.
(2) The design values overestimate the dose rate equivalents on the inner surface of the secondary shield (see point numbers 39-.45 and 52, and Fig. 9 ). It seems that the measured values are significantly affected by the arrangement of components and structures in the cavity, whereas only the containment vessel, the double bottom plate and structures in the double bottom were conservatively taken into account in the TWOTRAN calculation.
The design values overestimate the dose rate equivalents also on the inner surface of the containment vessel (see point numbers 29~ 38 and Fig. 10 ). This tendency is emphasized as the height from the core midplane increases. (21) with these values, the dose rate equivalents due to 17N neutrons were estimated below 800 mSv/h at the surface of the primary shield in the core midplane, where the measured neutron dose rate equivalents (due to fission and "N neutrons) distributed 5,000~8,600 mSv/h (see point numbers 24a~24f) and the design value due to fission neutrons was 4,200 m Sv/h (see point number 24). The relations between these dose rate equivalents show that the design dose rate equivalent due to fission neutrons underestimates the real value at the outer surface of the primary shield in the core midplane. In the TWO-TRAN calculation of the bulk primary shield, the neutron detector holes were neglected, which are inserted vertically in the primary shield as shown in Fig. 2 
V. CONCLUSION
The shielding design was made under the judgement that the real value, namely, the measured value, does not exceed the design one. This condition was confirmed by the measurement on board and the measured values in all positions on board satisfied the design criteria for the dose rate equivalent.
In the design, special attention was paid to the calculation of neutrons passing through the gap between the pressure vessel and the primary shield, and the shielding mock-up experiment for the modification and its analysis were carried out before the basic design so as to understand the behavior of the streaming and to obtain the computational accuracy of the TWOTRAN code. In the measurement during the power-up test and the experimental voyage, no significant radiation streaming was detected in the regions of the upper surface of the primary shield or the top of the containment vessel, and it was confirmed that the modification design was adequate to prevent the radiation streaming.
From the comparison between the measured and design values, the overestimation of the design value may be attributed mainly to the omission of the major part of components and structures in the cavity in the calculation model. The evaluation of shielding effect in the cavity with high accuracy is a problem needing to be solved in future.
It is difficult, using the measurement on board, to evaluate independently the design values of fission neutrons, 17N neutrons, 16N rays, and primary and secondary r rays, since the measured values were obtained as neutron and g-ray dose rate equivalents. However, it can be said that the design values are conservative on the whole. It is also difficult to precisely evaluate the accuracy of the calculation concerning the generations of 16 N and 17N, since the design value was not obtained at the surface of the main coolant loop. The evaluation will be made in near future by calculating the dose rate equivalent at the surface of the main coolant loop and by comparing the measured and calculated values.
The data indicated in this report will be useful especially to understand the behavior of radiation in a complicated structure and for the design of various nuclear facilities, since there are only a few publications(22)~ (24) like the present extensive and detailed data using an actual plant.
